Lower respiratory tract infections (LRTIs) contribute significantly to the morbidity and mortality among all age groups. Antibiotics can effectively treat LRTIs due to bacterial infection. Unfortunately, they are commonly prescribed even when the cause of the infection is non-bacterial, leading to an increase in antimicrobial resistance, mortality and health costs. This review aims to highlight the importance of procalcitonin (PCT) for the diagnosis of bacterial LRTIs. We conclude that PCT serum levels can help clinicians establish the need for antibiotics and individualise the duration of treatment in LRTIs. In addition, serum PCT provide prognostic information about the severity of the disease. However, PCT serum levels cannot inform decisions on a stand-alone fashion and should not be expected to substitute a thorough history and physical examination. (BRN Rev. 2019;5(4) :277-93) Corresponding author: Daiana Stolz, daiana.stolz@usb.ch Key words: Biomarker. Lower respiratory tract infections. Procalcitonin. PERMANYER www.permanyer.com BARCELONA RESPIRATORY NETWORK Collaborative research 278 BRN Rev. 2019;5(4) BARCELONA RESPIRATORY NETWORK Collaborative research BARCELONA RESPIRATORY NETWORK Collaborative research 280 BRN Rev. 2019;5(4) 
INTRODUCTION
Lower respiratory tract infections (LRTIs) are a significant cause of morbidity and mortality among all age groups. The term LRTIs encompasses many entities including acute bronchitis, pneumonia and acute exacerbations of asthma and chronic obstructive pulmonary disease (COPD) 1, 2 . The most common symptoms of LRTIs include shortness of breath, weakness, fever, coughing and fatigue 3 .
Bronchitis is the inflammation of bronchial tubes and it can be acute or chronic 4 . Acute bronchitis is attributed to acute bacterial infection of the larger airways, but is most often caused by viral infection and hence antibiotic therapy is not indicated in immunocompetent individuals 4 .
Pneumonia is classified as either communityor nosocomial-acquired according to where the patient contracted the infection. Community-acquired pneumonia (CAP) is the third most common cause of death globally, the major cause of death in developed countries and it accounts for between 5% and 12% of all cases of adult LRTIs managed by primary care physicians [5] [6] [7] [8] . Nosocomial pneumonia can be divided into two groups: hospital-acquired pneumonia (HAP) and ventilator-associated pneumonia (VAP). The former, HAP, refers to an episode of pneumonia occurring more than 48 h after hospital admission, while VAP refers to an episode of pneumonia occurring more than 48 h after the onset of invasive mechanical ventilation 9 .
ImpaCT Of INCORReCT Use Of aNTIbIOTICs
Antibiotics are an effective treatment for LRTIs of bacterial aetiology. However, they are commonly prescribed for non-bacterial LRTIs 10 . The overuse of antibiotics is highly associated with an increase in antimicrobial resistance, mortality and health costs 11 . The World Health Organisation (WHO) recently declared antibiotic resistance to be one of the biggest threats to global health, food security and development today 12 . Overexposure and overuse of antibiotics also increase the risk of allergic reactions and Clostridium difficile infections 13, 14 . The United States (US) Centers for Disease Control and Prevention (CDC) estimate at least 37,000 deaths (including deaths related to Clostridium difficile) directly related to antibiotic abuse and resistance, with an annual direct and indirect healthcare cost of 55 billion dollars 12 .
Evans et al. 15 reported that about 75% of the patients presenting with a respiratory tract infection receive antibiotics, despite the evidence that most of those infections have viral causes. In LRTIs, however, the differentiation between bacterial and viral causes remains challenging due to the ensuing common clinical symptoms and lack of criteria for their differential diagnosis. Consequently, overuse of antibiotics is very common 16, 17 .
Thus, an effective biomarker, which reliably contributes to the early classification of LRTIs as bacterial or non-bacterial could significantly decrease the number of unnecessary antibiotic prescriptions, hence reducing antimicrobial resistance and antibiotic-related adverse events. In the present review, we will consider the available data for the use of procalcitonin (PCT) as such a biomarker.
the physIOLOgy Of prOcALcItONIN
Procalcitonin is the precursor of the hormone calcitonin (CT), which is responsible for the metabolic regulation of calcium and phosphate throughout the body 18 . The calcitonin related polypeptide alpha (CALCA) gene, located on chromosome 11, is responsible for the production of the PCT messenger ribonucleic acid (mRNA) and the subsequent formation of PCT, a 116-amino-acid prohormone, which is then cleaved into the active 32-amino-acid hormone CT 18 (Fig. 1 ).
Usually, PCT is produced entirely within the thyroid C cells and is converted to CT before it enters the systemic circulation 18 (Fig. 1 ). Hence, healthy individuals typically demonstrate very low levels of serum PCT, less than 0.02 ng/ml. In contrast, patients that suffer from systemic bacterial infections were shown to produce PCT via an alternative pathway, in non-thyroid tissues, like the spleen, kidneys, adipocytes, pancreas, colon, brain and lungs 19 ( Fig. 2A) . These tissues lack the processing pathway necessary to convert PCT to CT, and therefore PCT enters the systemic circulation and PCT serum levels rise 18 ( Fig. 2A ). Other studies demonstrate that, in healthy patients, PCT serum levels usually are below 0.05 mg/mL while in patients with sepsis (severe sepsis or septic shock) PCT levels can reach 1000 mg/mL 19 . There is evidence that levels greater than 0.25 ng/ml may indicate the presence of bacterial infection 18 . Serum levels decline as patients recover from bacterial infections, which is an indication for clinical improvement. Remarkably, the magnitude of PCT increase in systemic circulation reflects the intensity of the host immune response and thus provides a useful assessment of infection severity. Bacteria, lipopolysaccharide and pro-inflammatory cytokines trigger the production of PCT and, thus, PCT levels are highest in both acute bacterial infections and sepsis. By contrast, PCT levels are not elevated in most autoimmune-mediated inflammation or localised infections 18 . Importantly, there might be only a marginal increase in PCT levels in non-invasive lung parenchymal infections, such as bronchiectasis and cystic fibrosis as well as in tuberculosis 18, [20] [21] [22] [23] .
Procalcitonin is particularly sensitive to bacterial toxins, but it undergoes down-regulation in the presence of viral infections 24 . That is because cytokines, typically associated with bacterial infection (such as tumour necrosis factor and interleukin [IL]-6), enhance PCT release 24, 25 (Fig. 2 ). On the other hand, the production of interferon-γ and other interferons in virus-infected cells seems to inhibit the production of PCT ( Fig. 2B ). Therefore, PCT can be used as a tool to differentiate viral versus bacterial infections and to determine the need of antibiotic therapy 18, 24, 25 .
The PCT serum levels may also increase after fungal infections, although to a lesser extent than bacterial infections (ranges of 0.69-1.23 ng/ml and 4.18-12.9 ng/ml respectively) 26 . Of note that PCT serum levels greater than 2 ng/ml could provide a criterion to withhold antifungal therapy in patients with clinical sepsis while waiting for other confirmatory results 26 .
The PCT levels start to rise within 3-4 h of inoculation with bacteria or bacterial endotoxin and peak after 12-24 h 18 . On the other hand, cytokines (such as IL-6) and tumour necrosis factors (TNF) peak rapidly within 5-10 h and normalise within 20 h, therefore being inadequate biomarkers to track clinical progress 18 .
DIAgNOstIc vALUe Of prOcALcItONIN
The US Food and Drug Administration (FDA) approved PCT as a biomarker for sepsis in 2005. The PCT assays have recently been approved for the initial diagnosis of patients with LRTIs and antibiotic therapy guidance in all LRTIs including acute bronchitis, pneumonia, exacerbation of COPD and asthma 27 . The FDA guidelines allow PCT testing only in hospital laboratories so that, depending on the assay being used, the results are often available in 20 min to 2.5 h 28 . Several European countries are using various PCT assays for the decision-making in patients with COPD, bronchitis, pneumonia, sepsis or risk for sepsis 29, 30 (Fig. 3 ).
Although far from being ideal, PCT is one of the most well-studied biomarkers in RCTs including over 7000 patients suffering with all types of LRTIs, at all treatment settings. It has been proved to have a more favourable kinetic profile and to be more sensitive and specific than other biomarkers, such as IL-6, C reactive protein (CRP) and lactate 31, 32 ; it demonstrates a mean sensitivity of 94.1% and specificity of 88.4% for the diagnosis of LRTIs 33 with a negative predictive value to rule out LRTIs to be Figure 1 . The physiological pathway of calcitonin (CT) takes place in the thyroid C cells. Initially the pathway leads to the production of procalcitonin (PCT), a 116 amino-acid prohormone which is then cleaved into the 32 amino-acid hormone CT, which is responsible for the metabolic regulation of calcium and phosphate. Normally, PCT is converted to CT before it enters the systemic circulation. Hence, healthy individuals typically demonstrate very low levels of serum PCT, less than 0.02 ng/ml. Molecular structures adjusted from the following databases: Ca 2+ : calcium ions; CT: UniProt ID P01258 (CALC_HUMAN); PCT: theoretical structure, since the crystal structure of PCT is not yet available; PO 4 3-: phosphate anion. The alternative pathway of procalcitonin (PCT) is activated after systemic bacterial infection and takes place in non-thyroid tissues, such as the spleen, kidneys, adipocytes, pancreas, colon, brain and lungs. This pathway is activated because cytokines, typically associated with bacterial infection, such as tumour necrosis factor-alpha (TNFα), interleukin-6 (IL-6) and lipopolysacharides, enhance PCT release. As a result, more than 0.25 ng/mL of PCT can be measured in the systemic circulation. (B) The production of interferon-γ and other interferons in virus infected cells seems to inhibit the production of PCT. Serum PCT can therefore be used as a tool to differentiate viral versus bacterial infections and to determine the need for antibiotic therapy. Molecular structures adjusted from the following databases: CT: UniProt ID P01258 (CALC_HUMAN); IL-6: UniProt ID P05231 (IL6_ HUMAN); Interferon-γ: UniProt ID P01579 (IFNG_HUMAN); Lipopolysaccharide: PubChem CID 11970143; PCT: theoretical structure, since the crystal structure of PCT is not yet available; TNF-α: UniProt ID P01375 (TNFA_HUMAN). CT: calcitonin. between 89-94% 34 . Data from various studies show a great range of 31%-94% for sensitivity and 71%-98% for specificity 27 . This variation in ranges is possibly due to the lack of a gold standard for the diagnosis of bacterial LRTIs, i.e. difficulties in reliably identifying the distinct bacterial pathogens in patients with LRTIs 27 .
Serum PCT is a biomarker that has been shown to safely guide antibiotic therapy in LRTIs 24 . A review of several randomised controlled trials (RCTs) in patients with COPD demonstrated that, when compared to standard therapy, PCT-guided antibiotic therapy resulted in fewer antibiotic prescriptions and shorter antibiotic durations, without an increase in adverse outcomes 35 .
A meta-analysis of 11 studies indicated that PCT is an effective serum biomarker in guiding antibiotic therapy in LRTIs by reducing antibiotic initiation and use compared to the standard of care, with no observed adverse effects on hospital length of stay and all-cause mortality 12 .
These results are consistent with another meta-analysis that included 14 trials and 4221 patients and reported that PCT guidance had no impact on mortality (odds ratio [OR] = 0.94, 95% confidence interval [CI]: 0.71-1.23), PCT-guided patients had lower odds of treatment failure (OR = 0.82, 95% CI: 0.71-0.97), fewer days of exposure to antibiotics (median of 1.6 days from 4.6 days) and lower odds of antibiotic initiation (OR = 0.24, 95% CI: 0.20-0.29) 36 . Overall antibiotic use was reduced to 60% 36 .
A multicentre study on 1735 adults hospitalised with CAP, 645 of which had a viral or bacterial pathogen detected, revealed that higher PCT serum levels on day of hospital admission were strongly associated with increased probability of bacterial pathogen detection 37 . Patients with 10 ng/mL of PCT serum levels were 4 times more likely to have a bacterial pathogen detected than those with PCT < 0.05 ng/mL 37 . No PCT threshold, however, allowed for perfect discrimination between viral and bacterial detection, as 23% of the patients with bacterial pathogens had serum levels of PCT < 0.25 ng/mL and 12% had PCT < 0.1 ng/mL 37 . However, these data suggest that serum PCT levels, which can be available to clinicians within one hour after a simple blood draw, could be useful to diagnose the bacterial aetiology of patients hospitalised with CAP 37 .
Results of a RCT indicated that PCT-guided therapy was non-inferior to the standard medical decision making for the use of antibiotics for LRTIs 20 . In this study, antibiotic prescriptions were reduced to 72% when using the PCT-guided approach, without any change in patient morbidity, treatment failure or mortality 20 .
Concerning appropriate PCT levels for antibiotic prescription, Watkins et al. 27 recommended that PCT levels less than 0.1 mg/mL should strongly discourage antibiotic therapy, levels greater than 0.1 mg/mL but lower than 0.25 mg/mL discourage antibiotic therapy, levels greater than 0.25 mg/mL but less than 0.5 mg/mL encourage antibiotic therapy and levels greater than 0.5 mg/mL strongly encourage antibiotic therapy.
Therefore, PCT has been shown to be able to help decision-making for both initiation and cessation of antibiotic treatment in patients with LRTIs 36, [38] [39] [40] and is widely recognised as an effective biomarker for bacterial infection 36, 41, 42 .
In a meta-analysis of 12 studies, PCT was BARCELONA RESPIRATORY NETWORK compared to CRP and the diagnostic accuracy of PCT was shown to be higher than that of CRP among patients hospitalised for suspected bacterial infections 43 .
Concerning HAP/VAP, PCT can be a strong predictor for risk of death and a promising biomarker for the duration of treatment 44 .
On the other hand, it appears to be less reliable for the diagnosis of VAP, because patients with HAP/VAP have already developed systemic inflammation response syndromes, multiple organ failure, and/or previous infection, conditions that raise PCT serum levels 45 . Therefore, clinicians should not use PCT as the only determinant to diagnose HAP/VAP 46 . Instead, serial measurements of PCT should always be accompanied with the clinical assessment of the patients, in order to decide on the initiation or completion of antibiotic therapy 44, 46 . In an observational study of 45 patients who developed VAP, PCT levels at days 3 and 7 were significantly higher in non-survivors than in survivors 47 . The PCT levels at day 3 were the strongest predictor of mortality, and fell significantly from day 0 to day 7 in the survivor group, while CRP levels did not 47 . Another study demonstrated that in patients on mechanical ventilation, daily CRP monitoring appears to be more useful than PCT for the diagnosis of VAP 48 .
To conclude, among patients with varying types of severity of acute respiratory tract infection, using PCT to guide decisions about antibiotics is associated with lower rates ofantibiotic exposure, antibiotic-related adverse effects and mortality, but PCT is not a useful biomarker for the diagnosis of VAP/HAP and in those cases daily CRP monitoring should be implemented (Table 1 ). The diagnostic value of PCT in different kinds of LRTIs is depicted in table 1.
prOgNOstIc vALUe Of prOcALcItONIN
Procalcitinonin levels were also shown to correlate with the severity and extent of microbial invasion. Higher PCT levels are usually indicative of a poorer prognosis 49, 50 . A study on 427 patients in intensive care units (ICU) indicated an association between increased mortality and PCT serum levels greater than 1 ng/ml 50 . In another study of 243 adult patients presenting to emergency rooms, PCT levels of 2ng/ml or greater were significantly associated with critical illness (OR 2.51, 95% CI 1.25-5.04) 51 .
A meta-analysis reported a significant reduction in 30-day mortality in patients with acute respiratory infections receiving PCT-guided therapy, compared to those receiving the standard care (9% versus 10%, adjusted OR 0.83, 95% CI 0.70-0.99) 42 . The prognostic value of PCT in different kinds of LRTIs is depicted in table 1. Another analysis of patients primarily treated for pneumonia in a rural community hospital also noted a decrease in the rate of mortality after PCT-guided treatment was implemented (2.9% after PCT versus 7.6% before PCT, p < 0.001) 52 .
A multicentre RCT additionally indicated that there is a reduction in mean hospital length of stay from 7.1 days in the control group to 4.8 days in the PCT-guided group in the subgroup of patients with COPD (p = 0.009) 53 ( Table 1 ). Even though the use of PCT in guiding antibiotic initiation may be disputed, it is successfully assessed as part of antibiotic discontinuation protocols 32 . Zhang et al. 54 (2015) reviewed 43 antibiotic stewardship programs (ASPs) related studies, in eight of which PCT-guided antibiotic protocols were used 54 . Although PCT was not proven helpful in antimicrobial initiation decision-making, it was very beneficial when used to decrease antibiotic duration and prescription in critically ill patients without increasing their mortality 54 . Albrich et al. 55 and Brechot et al. 56 also report that measurements of PCT in ICU patients are not effective to withhold the initiation of antibiotics when there is a high clinical probability of sepsis, but the use of PCT for the discontinuation of the antibiotic therapy could be implemented in clinical practice to reduce antibiotic exposure.
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Another study involving 1575 patients randomly assigned to either PCT-guided or standard-of-care antibiotic discontinuation group showed that in the PCT-guided group median duration of treatment was 5 days, while in the control group it was 7 days (p < 0.0001) 22 . PCT Higher PCT levels are usually indicative of a poorer prognosis 49 levels less than 0.5μg/l or a decrease of PCT levels by at least 80% of their maximum value indicated that antibiotic therapy should be discontinued 22 . It has also been reported that a reduction in the duration of treatment was also associated with a significant decrease in mortality 57 .
Procalcitonin levels should always be measured together with clinical assessments and other laboratory parameters, as PCT levels alone cannot guide antimicrobial therapy decisions 58 . A PCT level lower than 0.25ng/ml and a decrease in PCT level of 80% or more from peak levels warrant antibiotic therapy discontinuation for patients with LRTIs 59 . If the initial PCT level is below the threshold for antibiotic discontinuation, a repeat measurement is recommended within 6-24 h in order to account for patients with a delayed PCT peak 36, 57, 60, 61 .
A number of RCTs demonstrate that PCT monitoring results in a reduction of antibiotic therapy duration in the range of 0-8 days, with no impact on infection relapses, when compared with the standard care (no PCT monitoring) 19, 21, 42, 54, 53, [62] [63] [64] [65] [66] [67] [68] .
Another very important factor that should not be omitted is the time elapsed since the first onset of symptoms of CAP, as it influences the systemic inflammatory profile of the patient 69 . Patients with three or more days since onset of symptoms tend to show lower levels serum of PCT, indicating that PCT should be used as a biomarker for antibiotic initiation only within the first 48 h since onset of symptoms 69 . In fact, none of the CAP studies performed so far have considered the very important variable of the time elapsed since the onset of symptoms. The latter should be considered every time when the initial diagnosis is being made, to estimate properly the inflammatory response of the patient.
Serum PCT levels, however, can be normal or low in a varying proportion of documented bacterial infections (between 20-30%) [70] [71] [72] , indicating that a low serum level of PCT cannot be used as the basis for deciding whether to treat a patient hospitalised for pneumonia with antibiotics 72 . A significant proportion of the patients with LRTIs are co-infected with bacteria and viruses and tend to have low PCT levels 72 . That is to say that even with low PCT serum levels and a positive viral polymerase chain reaction (PCR) assay, clinicians are not justified withholding antibiotic therapy in patients hospitalised for CAP 72 .
During the influenza season, PCT can be a reasonably accurate biomarker for the detection of bacterial pneumonia, particularly in patients with CAP without immune-compromising disorders 73 . However, it might not be sufficient as a stand-alone marker for withholding antibiotic treatment 73 . Indeed, some severe forms of H1N1 with respiratory failure show elevated PCT levels in the absence of proven bacterial co-infection, and these elevated PCT levels are related to the severity of the disease 74 .
In a multicentre, randomised trial in France with patients admitted to the intensive care unit (ICU) due to severe acute exacerbations of COPD, the antibiotic protocol guided by PCT serum levels failed to reduce in-ICU and in-hospital antibiotic exposure compared to the standard antibiotic therapy 75 .
An international experts consensus group on optimizing PCT clinical use agreed that PCT-guided antibiotic stewardship supports individual decisions on initiation and duration of antibiotic treatment in patients with acute respiratory infections and sepsis and therefore is reducing overall antibiotic exposure and associated side effects 76 . The group re-established the PCT algorithms by incorporating the severity of illness and the probability of bacterial infection, and by reducing the fixed cut-offs to 0.25 μg/L for mild-moderate disease and to 0.5 μg/L for severe disease 76 . They concluded that in order to improve the diagnostic and therapeutic management of patients with a suspected bacterial infection, clinicians need to combine clinical patient assessment with PCT levels in a context of continuous education and regular feedback 76 .
Finally, it should be noted that in cases in which the clinical presentation remains equivocal regarding the presence of infection, a single determination of PCT serum levels at admission should not be the only indicator for initiation of antibiotic treatment; a second determination of PCT serum levels after 24 h is mandatory, as peak levels of PCT occur at 24 to 48 h after sepsis 77 .
To conclude, PCT appears to be an appropriate biomarker for patients with sepsis and PCT levels can be used to support discontinuation of empirical antibiotics in patients who initially appeared to have sepsis, but subsequently have limited clinical evidence of infection 78 (Table 2) . More studies to consider the very important variable of the time period since onset of CAP symptoms should be warranted in the future. The value of PCT as a determinant for antibiotic therapy initiation and duration in different kinds of LRTIs is depicted in table 1.
cONsIDerAtIONs fOr specIfIc pOpULAtIONs
There are a number of comorbid conditions that were shown to elevate PCT in the absence of bacterial infection. Those conditions include massive stress due to severe trauma or surgery (especially major cardiothoracic or abdominal surgery), major burns, medullary thyroid carcinoma, prolonged or severe cardiogenic shock, small cell lung cancer, treatment with OKT3 antibodies, resuscitated cardiac arrest and anti-thymocyte globulin which stimulates the release of pro-inflammatory cytokines 79, 80 . Procalcitonin elevations may also occur to patients with other acute or chronic conditions, including pancreatitis, rhabdomyolysis, severe hepatic dysfunction and severe renal dysfunction 77 , as end-stage renal disease and chronic kidney disease represent syndromes involving inflammatory responses 60 . Patients with underlying autoimmune diseases, such as Kawasaki disease, Goodpasture syndrome, and autoimmune hepatitis may also present with elevated PCT 77 . Mild increase in PCT levels can also occur in patients with rheumatoid arthritis, inflammatory bowel disease, and systemic lupus erythematosus 77 . Additionally, patients with underlying malignancy, submitted to transplants and those receiving certain chemotherapeutic medications (such as monoclonal antibodies) may have increased PCT serum levels 81 . Last but not least, neonates demonstrate elevations in PCT levels during the first three days of life 18 .
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Collaborative research 288 BRN Rev. 2019;5 (4) Data on immunocompromised patients is restricted to a few studies [82] [83] [84] but it has been demonstrated that PCT could potentially be a biomarker to differentiate bacterial from nonbacterial conditions in immune-depressed hosts with pulmonary complications 82 (Table 3 ). In a prospective, observational study PCT appeared to have a limited specificity in critically ill immunocompromised patients and PCT levels were not significantly correlated with hospital mortality 84 . However, PCT serum concentrations were helpful in order to rule out bacterial infections 84 . Indeed, several studies in the literature demonstrate that PCT is a useful biomarker for bacterial sepsis in patients with febrile neutropaenia and in some cases PCT has a greater diagnostic ability for bacterial infections than CRP 43, 85, 85 . Importantly, time to onset of initial symptomatology has never been explored in immunocompromised patients and more studies are needed to investigate this important parameter.
cOst cONsIDerAtIONs
The cost-effectiveness of PCT-guided protocols has been frequently questioned in the Table 2 . Summary of cases where procalcitonin (PCT) may or may not be used as a biomarker in order to guide antibiotic therapy initiation and duration
PCT as a determinant for antibiotic therapy initiation and duration Reference
PCT-guided therapy resulted in fewer antibiotic prescriptions and shorter antibiotic therapy durations -no increase in adverse outcomes [37] PCT-guided therapy reduced antibiotic initiation and use, compared to standard of care-no observed adverse effects on hospital length of stay and all-cause mortality [12] PCT-guided patients with lower odds of treatment failure, fewer days of exposure to antibiotics and lower odds of antibiotic initiation -overall antibiotic use reduced to 60% [36] PCT-guided approach: antibiotic prescriptions reduced to 72% -no change in patient morbidity, treatment failure or mortality [20] PCT < 0.1 mg/mL → strongly discourage antibiotic therapy 0.1 mg/mL < PCT < 0.25 mg/mL → discourage antibiotic therapy 0.25 mg/mL< PCT < 0.5 mg/mL → encourage antibiotic therapy 0.5 mg/mL< PCT → strongly encourage antibiotic therapy [27] PCT-guided group → median duration of treatment = 5 days control group → median duration of treatment = 7 days PCT < 0.5μg/l or PCT levels decreased by at least 80% of their maximum value → antibiotic therapy should be discontinued [22] PCT < 0.25ng/ml and a decrease in PCT level of 80% or more from peak level → antibiotic therapy discontinuation [59] PCT monitoring → reduction of antibiotic therapy duration in the range of 0-8 days when compared with the standard care -no impact on infection relapses [19, 21, 42, 52, 53, [62] [63] [64] [65] [66] [67] [68] Patients with > 3 days since CAP symptoms onset → lower PCT PCT should be used as a biomarker for antibiotic initiation only within the first 48 hours since onset of symptoms [69] Viral coinfections tend to decrease PCT levels [72] Severe forms of H1N1 with respiratory failure show elevated levels of PCT in the absence of proven bacterial co-infection [74] Antibiotic protocol guided by serum PCT failed to reduce in-ICU and in-hospital antibiotic exposure compared to the standard antibiotic therapy in patients with severe acute exacerbations of COPD [75] CAP: community-acquired pneumonia; COPD: chronic obstructive pulmonary disease; ICU: intensive care unit.
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past 32 . De Jong et al. 22 conclude that the cost of serial PCT measurements is outweighed by the reduction in the consumption of antibiotics, without beneficial effects on ICU and hospital stay duration, antimicrobial-related adverse events and antimicrobial resistance.
A retrospective multivariable analysis of the Premier Healthcare Database associated PCT testing with significant lower hospital costs, compared to no PCT testing ($30,454 versus $33,213, 95% CI for difference 2,159-3,321, p < 0.001) 87 . Cost savings were related to lower hospital and ICU lengths of stay, as well as reductions in total ICU and pharmacy cost of care 87, 88 (Table 3) . Additionally, current economic analyses suggest that PCT monitoring may lead to potential cost savings of 9.2% per hospitalisation, related to decreased duration of antibiotic therapy and decreased hospital length of stay 89 .
chALLeNges wheN ImpLemeNtINg prOcALcItONIN mONItOrINg
Despite the large volume of evidence that support the use of PCT monitoring, when implementing PCT monitoring in the real world, many challenges arise. A retrospective cohort study in 107 hospitals across the US evaluated the outcomes associated with PCT monitoring 90 .
In this study, no benefit was associated with the use of PCT monitoring among 20,750 critically ill patients with sepsis and PCT monitoring Table 3 . List of comorbid conditions that elevate procalcitonin (PCT) in the absence of bacterial infection, as well as a summary of the cost-effectiveness of the PCT-guided therapy and the causes of some challenges that may arise in PCT monitoring
Considerations for specific populations Cost considerations Challenges in PCT monitoring
Massive stress due to: severe trauma (major burns), surgery, prolonged severe cardiogenic shock, resuscitated cardiac arrest 79, 80 Cost of serial PCT measurements outweighed by reduction in antibiotic consumption 22 Lack of observed benefits due to modest adherence and lack of serial PCT measurements 18,21-23.42,52,53,62-68,91-93 Malignancies (such as medullary thyroid carcinoma and small cell lung cancer) and chemotherapeutic drugs (such as monoclonal antibodies) [79] [80] [81] PCT testing → lower hospital costs, compared to no PCT testing 87 , savings related to lower hospital and ICU lengths of stay, reductions in total ICU and pharmacy cost of care 87, 88 Low adherence to PCT algorithms due to lack of prospective audit and feedback of PCT use by a pharmacist team 94 Treatment with OKT3 antibodies 79, 80 PCT monitoring → cost savings of 9.2% per hospitalisation, related to decreased antibiotic therapy duration and decreased hospital length of stay 89 Antithymocyte globulin 79, 80 Neonates in the first three days of life 18 Immunocompromised patients 43, [82] [83] [84] [85] [86] Acute or chronic conditions (pancreatitis, rhabdomyolysis, severe renal or hepatic dysfunction) 77 Autoimmune 94 . The cost savings and clinical benefits of PCT measurements can only be observed when PCT is utilised in accordance with accepted algorithms, therefore methodical education and continual assessment via a dedicated pharmacist team are of great importance 18 .
Moreover, in a multi-centered cohort analysis of 1656 patients in 14 hospitals in the US, Huang et al. 95 reported that between the PCT-guided therapy group and the usual-care group there was no significant difference in antibiotic days (mean = 4.2 and 4.3 days) or in the proportion of patients with adverse outcomes (11.7% and 13.1%). This study recommends that the provision of PCT assay results did not lead to less use of antibiotics than did the usual care among patients with suspected LRTIs 95 . The results of this study appear to be controversial, mainly because this study only included patients for whom initial diagnosis of LRTI had been made and there was an uncertainty regarding the need of antibiotic prescription. In other words, the study excluded patients for whom bacterial infections were diagnosed or excluded immediately. Surprisingly to this patient group that they selected, the researchers included 646 asthma exacerbation patients (39.3 % of the total patient number). Moreover, the total adherence of clinicians to all PCT guideline recommendations was only around 60%. Remarkably, in the group of patients with final diagnosis of CAP the adherence of all clinicians to the protocol of the study was only 39.4%. Those may be the reasons why this study contrasts with the results of previous trials of PCT-guided antibiotic prescription in suspected LRTIs (Table 3) .
cONcLUsIONs Numerous clinical studies have demonstrated that PCT serum levels tend to be higher in bacterial than viral infections and that PCTbased approaches for antibiotic prescribing can safely reduce antibiotic use 36, 63, 72, 96 .
However, as a biomarker, PCT exhibits a great range of sensitivity and specificity. This is possibly due to the lack of isolation of distinct bacterial pathogens in patients with LRTIs in the relevant studies 27, 97 . Thus, additional studies in patients with comprehensive pathogen testing are needed in order to further understand the accuracy of PCT for distinguishing between viral and bacterial infections and conclude for its diagnostic accuracy across pathogens and patient populations 34, 37 .
Despite their several merits, clinicians should not rely on PCT serum levels alone to guide antibiotic treatment decisions. Nevertheless, PCT guidance has led us into a new era, where rigorous research for the discovery and implementation of more specific and sensitive novel biomarkers for infection is being BARCELONA RESPIRATORY NETWORK conducted. For now, PCT allows the individualisation of antibiotic treatment and can be considered a first step towards personalised medicine 36, 42, 97 .
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